Abstract-This paper presents a theoretical study of active onedimensional (1-D) silicon photonic bandgap waveguides. To the best of our knowledge, we provide for the first time, a systematic study of the various physical parameters that can affect the Q factor and transmission properties in such waveguides. In order to make this technology viable, the waveguides must be tunable, have low attenuation, possess high Q factor, and can be switched. Can these be achieved simultaneously without changing the device width and height dimensions? Furthermore, can we meet these aims without placing unrealistic demands in fabrication? The electrical switching of this device is implemented using a p-i-n optical diode. The diode is predicted to require a ON state power of 81 nW with rise and fall times of 0.2 ns and 0.043 ns respectively. The length of the microcavity and the diameter of the air holes are finely tuned with reference to the Q factor and transmission. It will be shown that for certain desired resonant wavelength, the Q factor and transmission properties can be optimized by tuning the length of the cavity and the diameter of the two inner most air holes. This method allows ease of fabrication by not having to vary the waveguide width and height to obtain the tuning effects. Optical simulation was performed using 3-D finite difference time domain (FDTD) simulation method.
I. INTRODUCTION
Photonic bandgap structures have the ability to confine light to small volumes, on the order of ( /2n) 3 , where is the photon wavelength and n is the refractive index of the host material [1] [2] [3] [4] . The local defect inside the photonic crystal leads to the highly confined optical state. The defect can be in 3-D, 2-D or 1-D photonic crystals. In order relax fabrication restrictions, the defect in 1-D photonic crystal is a more attractive way to obtain strong optical confinement. The mechanism for this 1-D photonic crystal is that both the periodical photonic crystal and the high-low index contrast contributes to the photonic confinement. 1-D photonic crystals based on waveguide have been fabricated in Si-SiO 2 [1] and GaAs/Al x O y compound semiconductor materials [2] . Air-bridge structure was proposed to improve both the Q factor and transmission performance. Compared with Q factor of 200 and transmission of 0.72, the air-bridge structure can provide Q factor of 320 and transmission of 0.94 [2] . In this work, an alternative way to the air-bridge is proposed to prevent the through substrate wave-leakage, further more, the diameter of the inner most air hole are reduced and the cavity length is tuned to obtain a optimized result. An active element is incorporated into the cavity centre of the waveguide by way of an optical phase modulator. This paper is organized as follows: Section II will introduce the structure of the device along with the optical and electrical models used to study the proposed device. Analysis of the results and discussions will be presented in Section III. Section IV concludes this paper.
II. STRUCTURE
The material system considered here is based upon SiliconOn-Insulator (SOI) platform due to its low optical loss and well understood material properties (e.g. [5] ). The waveguide is based on a 1-D periodical air hole similar to [1] and is shown in Fig. 1a . The cavity consists of a Bragg mirror on both sides of the cavity, where a 0 is the length of the cavity, a is the period of the air holes, d 0 is the diameter of the two inner most air holes, d is the diameter of the remaining air holes, w is the width of the rib, t 1 is the thickness of the Si layer, t 2 is the etching depth of the SiO 2 substrate, h is the etching depth of the air holes. The air holes are etched into the SiO 2 substrate, which is different from [1] and [2] . This etchdown design has been adopted to improve the transmission property in photonic crystal slab [6] . The center of this waveguide contains a defect cavity and the active p-i-n diode, shown in Fig. 1b . The active diode offers switching capability via the free carrier injection effect (described in the optical model below). The device structure of the phase modulator is shown in Fig. 1b . It is a lateral optical phase modulator integrated into a low loss SOI strip waveguide. The device is a two-terminal p-i-n structure where both n and p regions were modeled as highly doped regions with constant doping concentrations of 10 20 cm -3 , and are based around an overall silicon thickness of 400 nm, strip waveguide with a width of 475 nm.
III. OPTICAL AND ELECTRICAL MODELS

A. Optical Model
Fig. 1a depicts the device with air holes etched into the SiO 2 substrate. This 'etch-down' effect to the substrate was found to be similar in function to the air-bridge design wherein both of them can prevent the wave leaking into the substrate. Furthermore, the etch-down design is simpler from the fabrication point of view. A 3-D FDTD package from CST Microwave Studio [7] was used to simulate the transmission behavior of the photonic crystal structure. Initial simulation validation was performed against the results of [1] where we obtained close agreement with respect to the reported experimental data. With the electrical model described below, the injected electron and hole concentrations at any point of the p-i-n structure can be predicted. Soref and Bennett produced the following expressions relating the refractive index coefficient (n) and absorption coefficient (α) changes in silicon [8] due to the plasma effect, i.e. injection or depletion of free carriers in silicon [9] at a wavelength of λ = 1.55 μm, which are now widely used:
(1)
(ΔN e ) + 6.0×10
where Δn e is the refractive index change due to change in free electron concentrations;
Δn h is the refractive index change due to change in free hole concentrations;
)is the electron concentration change;
)is the hole concentration change;
) is the absorption coefficient variation due to ΔN e ; and
) is the absorption coefficient variation due to ΔN h .
B. Electrical Model
The two-dimensional (2D) ATLAS device simulation package from SILVACO [10] has been used to predict the dc and transient characteristics of the modulator. The simulator numerically predicts internal physics and device characteristics of semiconductor devices by solving Poisson's equation and the charge continuity equations for holes and electrons. The software allows a complete statistical approach (Fermi-Dirac statistics) when instances such as heavily doped regions are considered. Shockley-Reed-Hall (SRH), Auger, and surface recombination models were included to account for carrier recombination. A carrier concentration dependent SRH recombination model was employed, with an estimated carrier lifetime in the intrinsic Si device layer (concentration of 10 15 cm -3 ) of electrons and holes of τ n = 700 ns and τ p = 300 ns respectively. Contact pads were assumed to be ohmic in nature and hence carries no additional contact resistance or capacitance. From the dc and transient simulations, ATLAS calculates the injected free carrier concentrations in the intrinsic region of the devices for both dc and transient biasing conditions. The change in concentration of free carriers is then converted to refractive index change in the device by using equation (1) . This approach has been validated in the past by various authors (e.g. [11] − [14] ). In order to maximise this change we must optimise the interaction between the injected free carriers and the propagating optical mode. The main parameters used in the simulation are shown in Table 1 .
Following the work of Png et al. [13] , it was determined that high degree of uniformity exist in the predicted injected carrier concentration at the injection levels of interest, throughout the central guiding region of the device. This result in a uniform refractive index change across the waveguiding region. After obtaining the mean value of the injected carrier concentration in the guiding region, we applied the results to (1) and (2) to obtain the resulting changes in refractive index and absorption for the device under investigation at a wavelength of λ = 1.55 μm. Alternatively the data from the electrical simulation could be transferred to a similar grid-based optical simulator to predict absorption and refractive index changes, but due to the uniform nature of the injected charge there should be negligible difference between these approaches. The change in refractive index results in a phase shift Δφ in the optical mode and is given by:
Alternatively, we can rearrange (3) for Δn and determine the required refractive index change and hence the required carrier density to achieve the desired amount of phase shift for a certain device length or vice-versa. Unless otherwise stated, the active modulator length is assumed to be 275 nm. 
IV. RESULTS AND DISCUSSIONS A. Optical Characteristics
A series of etch-down simulations were performed. We began by studying the transmission property for the structure shown in Fig.1a , where the air hole etching depth h takes 400 nm and 550 nm. We found that h up to 400 nm can improve the Q factor to around 320, and further increasing h will not provide any obvious improvement. The power transmission at resonance is almost unchanged when the etching depth h takes 400 nm and 550 nm. Therefore, in the following simulations, all the air holes are etched 400 nm deep, directly down to the substrate. The radius of the inner most air holes d 0 takes 60, 70, 80, 90 nm, respectively, while the cavity length a 0 takes 275, 285, 295, 305, 315 nm, respectively. Fig. 2 shows the effect of a 0 on both the transmission characteristics and the Q factor. From Fig. 2 , we can see that the Q factor decreases when the cavity length a 0 increases. This is because the optical mode is not as well confined in the cavity when a 0 is bigger. The Q factor also reduces when the diameter of the two innermost air holes, d 0 is reduced. The transmission and Q factor characteristics share an inverse relationship. Transmission characteristics improve when a 0 is increased. When d 0 is reduced, the optical throughput also increases. What is more important is the fact that a range of device parameters can be chosen to obtain high Q and high transmission properties. For example, when a 0 = 295 nm and d 0 = 80 nm, we obtain Q ≈ 90% and transmission (T) ≈ 325. Another example would be when a 0 = 275 nm and d 0 = 70 nm, we obtain Q ≈ 91% and transmission (T) ≈ 333. Table 2 summarises these results.
The next issue to be addressed is whether the photonic waveguide can be tuned without an active element such as a heater. Fig. 3 shows the relationship between the resonant wavelength and d 0 for various values of a 0 and clearly demonstrates that we can achieve tuning without varying the width and height of the waveguide. Without requiring stringent fabrication restrictions and the absence of an active element to achieve tuning, the deployment of such devices are very attractive. Furthermore, we note a shift of resonant wavelength when changing the cavity length from Fig. 3 . This implies that we can obtain an optimized Q and transmission at a desired resonant wavelength with a range of parameters. Therefore, for bio-photonic applications where high resolution spectroscopic interrogation is required, this option is a possibility. Table 2 . Q factor and transmission (in bracket) as a function of cavity length and air hole radius for the structure as shown in Fig. 1a , where a=420 nm, t1=200 nm, t2=350 nm, w=470 nm, d=100 nm, h=400 nm, a0 and d0 are tuned. The waveguide device proposed here has a sub-micrometer height (400 nm). At such levels, high scattering loss is dominated by the waveguide sidewall roughness and must be addressed. Sakai et al. [17] and Lee et al. [18] have studied the relationship between waveguide losses and waveguide dimensions extensively to enable the design and fabrication of waveguide in SOI with minimal loss, where 0.1 dB/cm transmission loss was demonstrated for a device that is 200 nm in Si height [18] . This reaffirms that our proposed device is feasible. The results reported here pertain to TE polarization. The drawback of using strip waveguides is that it is almost impossible to achieve a polarization independent device where the effective refractive indices of TE and TM polarizations match. For a more detailed review of polarizations in waveguides, see for example [19] . From Fig. 4 , the change in refractive index, and hence phase change, varies nonlinearly with applied current (grey line). One factor which contributes to the nonlinearity of the change in phase versus current density relation is the sublinear dependence of the change in free holes, ΔN h with the change in refractive index, as shown in equation (1) . Also, as the modulator is driven harder, more free carriers are injected into the intrinsic region of the device. This increase in the concentration of the previously intrinsic region results in an increase in the Auger recombination rate (at injected carrier concentrations much greater than 10 17 cm -3 the Auger recombination becomes the dominant recombination process, e.g., [11] ). This results in a reduced lifetime in this region and hence we have to drive the modulator harder to achieve an equivalent refractive index change than at lower drive powers. Of course an increase in the recombination rate will result in a faster switching device, i.e. reduction in the rise and fall times of the modulator. The associated I/V characteristics of the optical diode (black line) are included. Of special interest is the ON state of N e = N h ≈ 3×10 17 cm −3 , which in turn translates to a change in refractive index of 10 −3 , and the OFF state corresponds to the optical device not switched on, i.e. no carrier injection. From Fig. 4 , the current and voltage required to achieve the ON state are 0.92 volts and 0.0879 μA respectively. This corresponds to a power of~80.9 nW.
B. Electrical Characteristics 1) Static performance:
2) Dynamic performance: For the switching speed, a transient modeling solution was employed. Both anode and cathode were first zero biased for 10 ns, followed by a step increase to V π for 200 ns, and a subsequent step decrease to 0 V. V π is the voltage corresponding to 180°phase shift. The rise time t r is defined as the time required for the induced phase shift to change from 10% to 90% of the maximum value. Likewise, the fall time t f is defined as the time required for the induced phase shift to change from 90% to 10% of the maximum value. For the modulator shown in Fig. 1b , the rise and fall times were determined to be t r = 0.215 ns and t f = 0.043 ns respectively. Fig. 5 shows the rise and fall times and it is clear that the rise time is the slower of the two and hence the limiting transition. In order to illustrate clearly both the rise and fall times, a 'break' in the horizontal time axis was made so that the rising and falling edge of the transient waveform could be highlighted.
The dynamic optical absorption introduced by switching the device (ON state) corresponds to N e = N h ≈ 3×10 17 cm −3 . Using equation (2) , this injection of both electrons and holes translates to an additional absorption loss of~4.35cm The modulator device speed reported here is rather modest and no where near one of the fastest reported recently [16] . Nonetheless, the device switching performance can be improved without changing its physical dimensions by overdriving during the device rise and fall times [13] . This method was recently employed by Xu et al. [15] to overdrive a strip-based ring resonator waveguide to operate at a data rate of 1.5 Gbits/s. However, this is at the expense of increasing the device complexity. 
V. CONCLUSION
Strip-based photonic crystal microcavity devices are studied using 3-D FDTD method. The air holes are etched down to the substrate to prevent wave leakage. The Q factor, resonant wavelength, and transmission characteristics are of particular interest.
We demonstrated via simulation that high Q factor, high transmission characteristics (>90%), and the ability to tune the resonant wavelength can be achieved without modifying the width and height of the photonic crystal waveguide. This was attained by tuning the cavity length and radius of the innermost air holes. A range of parameters capable of meeting these requirements were identified, which in turn, relaxes the demands on fabrication and make these devices more attractive for commercial deployment in bio-photonic and optical interconnect applications.
Improvement of over 30% in Q factor were achieved when compared to results in [1] (354 versus 265). This device can be switched by implementing an optical modulator in the cavity region. The characteristics of the optical modulator was analysed using a 2-D semiconductor simulation package SILVACO to investigate the dc and transient behavior of the active region of the modulator. The optical device is predicted is utilized only 81 nW between the ON and OFF state, with a duration of~0.2 ns.
